The magnesium compounds RE 4 Co 2 Mg 3 (RE = Pr, Gd, Tb, Dy) were prepared by induction melting of the elements in sealed tantalum tubes. The samples were studied by powder X-ray diffraction. The structures of the gadolinium and of the terbium compound were refined from single crystal diffractometer data: 
Introduction
Rare earth (RE)-transition metal (T)-magnesium compounds have technical importance in modern light weight alloys. Addition of misch metal or pure rare earth metals to multinary magnesium based alloy systems induces precipitation hardening [1 -3, and ref. therein] . Detailed phase analytical investigations of the RE-T-Mg systems are thus desirable in order to understand the structural, mechanical and physical properties of the ternary phases that can precipitate.
A variety of RE x T y Mg z compounds with widely varying crystal chemistry and physical properties have been reported in recent years. A literature overview has been given recently [4] . So far, examples for compositions RET 4 Mg, RET 9 Mg 2 , RETMg, RETMg 2 , and RE 2 T 2 Mg, and the recently discovered Nd 4 Co 2 Mg 3 -type structure [5] , are known. While the compounds RET 4 Mg, RET 9 Mg 2 , and LaNiMg 2 have mainly been studied with respect to their hydrogenation properties [6 -8] , the phases RETMg [9, and ref. therein] and RE 2 T 2 Mg [10] were investigated for their varying mag-0932-0776 / 07 / 0200-0162 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com netic properties. Basic structural units of the latter two series and the Nd 4 Co 2 Mg 3 -type structure are transition metal centered trigonal prisms formed by the rare earth and/or magnesium atoms. These prisms can be condensed in different motifs leading to the respective structure types.
During our systematic phase analytical studies of the RE-T-Mg systems we have obtained new intermetallics RE 4 Co 2 Mg 3 (RE = Pr, Gd, Tb, Dy) with monoclinic Nd 4 Co 2 Mg 3 -type structures. The crystal chemistry and chemical bonding of these compounds are reported herein.
Experimental Section

Synthesis
Starting materials for the preparation of the RE 4 Co 2 Mg 3 samples were ingots of the rare earth metals (Johnson Matthey, > 99.9 %), cobalt powder (Sigma-Aldrich, 100 mesh, > 99.9 %), and a magnesium rod (Johnson Matthey, ∅ 16 mm, > 99.95 %). The surface of the magnesium rod was cut on a turning lathe in order to remove sur- face impurities. The elements were mixed in the ideal 4 : 2 : 3 atomic ratios and arc-welded [11] in small tantalum tubes under an argon pressure of ca. 600 mbar. The argon was purified before over molecular sieves, silica gel and titanium sponge (900 K). The tantalum tubes were then placed in a watercooled quartz sample chamber [12] of a high-frequency furnace (Hüttinger Elektronik, Freiburg, Typ TIG 1.5/300), first heated for 2 min at ca. 1300 K and subsequently annealed for another 2 h at ca. 920 K, followed by quenching. The temperature was controlled through a Sensor Therm Metis MS09 pyrometer with an accuracy of ±30 K. The brittle reaction products could easily be separated from the crucibles.
No reaction with the container material was evident. The RE 4 Co 2 Mg 3 samples are stable in air over months. Polycrystalline material is light gray; single crystals exhibit metallic luster.
The single crystals investigated on the diffractometer and the bulk samples were analyzed by EDX in a LEICA 420 I scanning electron microscope using the lanthanoid trifluorides, cobalt, and magnesium oxide as standards. The EDX analyses revealed no impurity elements and were in agreement with the ideal 4 : 2 : 3 compositions.
X-Ray powder and single crystal data
The annealed RE 4 Co 2 Mg 3 samples were studied by X-ray powder diffraction (Guinier technique) using CuK α 1 radiation and α-quartz (a = 491.30, c = 540.46 pm) as an internal standard. The Guinier camera was equipped with an imaging plate system (Fujifilm BAS-1800). The monoclinic lattice parameters (Table 1) were obtained from least-squares refinements of the Guinier data. To ensure proper indexing, the experimental patterns were compared to calculated ones [13] using the atomic positions obtained from the structure refinements. For Gd 4 Co 2 Mg 3 and Tb 4 Co 2 Mg 3 the lattice parameters of the powders and the single crystals agreed well.
The samples with gadolinium and terbium were well crystallized. Irregularly shaped single crystals were selected from these samples and first examined by Laue photographs on a Buerger precession camera (equipped with an imaging plate system Fujifilm BAS-1800) in order to establish the crystal quality. Single crystal intensity data were collected at r. t. on a Nonius CAD4 four-circle diffractometer with graphite monochromatized MoK α radiation (71.073 pm) and a scintillation counter with pulse height discrimination. The scans were performed in the ω/2θ mode. Empirical absorption corrections were applied on the basis of Ψ -scan data followed by spherical absorption corrections. All relevant crystallographic data and details for the data collections and evaluations are listed in Table 2 . Both data sets revealed no systematic extinctions. In agreement with the symmetry of Nd 4 Co 2 Mg 3 , space group P2/m was found to be correct during the structure refinements. The atomic parameters of the neodymium compound [5] were taken as starting values and the structures were refined using SHELXL-97 (full-matrix least-squares on F o 2 ) [14] with anisotropic atomic displacement parameters for all sites. As a check for possible defects, the occupancy parameters were refined in a separate series of least-squares cycles. All sites were fully occupied within two standard uncertainties. Final difference Fourier syntheses revealed no significant residual peaks (see Table 2 ). The positional parameters and interatomic distances are listed in Tables 3 and 4 
Electronic structure calculations: computational framework
One problem encountered in the theoretical approach of open 4 f shell rare earth elements within density functional theory DFT [15] is how to account for such states in calculations. This is due to the role played by 4 f orbitals, i. e. contrary to 3d, localized 4 f orbitals are not affected by the crystal field and hence by the chemical environment and bonding with neighboring atoms. While 4 f orbitals can be included within the valence states for La and Ce as well as for the actinides Th(5 f ) and U(5 f ), this is not the case for Gd and the rare earth elements used in the intermetallic compounds here. A standard procedure for the treatment of localized electrons is to build pseudo potentials in which f electrons are kept frozen in the core; the number of f electrons in the core equals the total number of valence electrons minus the formal valence. For instance, Gd has a total of 10 valence electrons (2 s electrons, 1 d electron and 7 f electrons). However, in all compounds Gd adopts a valency of 3, hence 7 f electrons are placed in the core, when the pseudo potential is generated. Pseudo potentials [16] truncate the rapid oscillations of the wave function near the core and replace it by soft ones while reproducing the behavior near the valence. This has been assumed in our computations of Gd 4 Co 2 Mg 3 here within the VASP method [17] . Optimization of the structural parameters including lattice parameters and atomic positions was performed until the forces on the atoms were less than 0.02 eV/Å and all the stress components less than 0.003 eV/Å 3 . An energy cut-off of 268 eV was used for the plane wave basis set. From the results one can get an insight into the electronic distribution within the structure obtained here from the electron localization function (ELF) [18, 19] .
With 3 valence electrons expected to be playing the major role in the valence band, we have considered the "isoelectronic" metal Y instead of Gd to further stress the description of the partial density of states DOS and of the chemical bonding using the all electrons scalar relativistic augmented spherical wave (ASW) method [20] . Self-consistency was achieved by an efficient algorithm for convergence acceleration [21] , the convergence criteria being ∆ Q < 10 −8 for the charge transfer and ∆ E < 10 −8 eV for the total variational energy. The chemical bonding properties were assessed making use of the ECOV criterion [22] implemented with the ASW method: Negative and positive contributions indicate bonding and antibonding states, respectively, as it will be shown in the plots.
Discussion
Crystal chemistry
The magnesium compounds RE 4 Co 2 Mg 3 (RE = Pr, Gd, Tb, Dy) crystallize with the monoclinic Nd 4 Co 2 Mg 3 -type structure [5] , space group P2/m, with only seven atoms in the unit cell. As expected from the lanthanoid contraction, the lattice parameters decrease from the praseodymium to the dysprosium compound. The course of the cell volumes is presented in Fig. 1 . Also the monoclinic angle shows a slight, but continuous decrease in the same direction. Based on our phase analytical investigations, the series of RE 4 Co 2 Mg 3 compounds seems to be limited to the representatives listed in Table 1 . X-Ray powder patterns of samples with the 4 : 2 : 3 starting composition and cerium, respectively holmium, as rare earth metal component revealed the existence of ternary phases with different structure. Detailed investigations on these materials are currently in progress.
A projection of the Gd 4 Co 2 Mg 3 structure is presented in Fig. 2 . Gd 4 Co 2 Mg 3 can be considered as a 3 : 1 intergrowth of distorted CsCl and AlB 2 related slabs of compositions GdMg and GdCo 2 , respectively. Thus, the RE 4 Co 2 Mg 3 phases are structurally related to the large family of RE 2 T 2 Mg intermetallics which are a 1 : 1 intergrowth of similar slabs. This structural relationship has been described in detail in ref. [5] .
As a consequence of the lanthanoid contraction, the interatomic distances in Tb 4 Co 2 Mg 3 are slightly smaller than in the prototype Nd 4 Co 2 Mg 3 [5] . This leads to very short Co-Co distances of 232 pm within the AlB 2 slab. The latter are significantly shorter than the average Co-Co distance of 250 pm in hcp cobalt [23] . In Zr 2 Co 2 In [24] , the Co-Co distance within the AlB 2 related slab is much larger (256 pm). This may be a consequence of the higher valence electron concentration in Zr 2 Co 2 In.
Also the Tb2-Co distances of only 271 pm are smaller than the sum of the covalent radii (275 pm) [25] and we can assume significant Tb-Co bonding within the AlB 2 related slabs. Between the adjacent CsCl like slabs the Mg-Mg distance is only 314 pm, shorter than the average Mg-Mg distance of 320 pm in hcp magnesium [23] . Based on the comparison of the interatomic distances, the main bonding interactions are observed for RE-Co, Co-Co, and Mg-Mg.
Chemical bonding
The initial crystal structure (Tables 1 and 3 ) was geometry optimized with a dense enough mesh of k points in the monoclinic first Brillouin zone to allow for convergence and minimum stresses. From the fully relaxed system the monoclinic geometry is preserved with the same space group and a cell volume of 230Å 3 , i. e. very close to the value in Table 1 . From these results one can be confident in examining the distribution of the valence electrons around and between the atomic species. The electron localization function ELF [18] is a real space analysis which allows comparing the electron distribution within a crystal system versus the free electron gas. Fig. 3 shows an ELF plot of two unit cells (x, 0, z plane at y = 0). Here we can trace out the Co-Co pair between the two cells in the middle of the projection. The electron localization between two cobalt atoms is close to free electron behavior (green) but points to some bonding within the Co 2 pair. This is further discussed in the chemical bonding section below. Generally, the ELF projection exemplifies the picture that one would expect from a metallic compound, i. e. the electrons are localized in between the atoms as it can be followed from the dominant presence of the red contours (high localization). In the immediate neighborhood of the magnesium atoms the blue con- tours clearly indicate that the magnesium atoms have lost their valence electrons.
From the major role played by the valence electrons one can exclude the 4 f orbitals in the analysis. This can be simulated by replacing gadolinium by yttrium to carry out calculations for a hypothetic compound "Y 4 Co 2 Mg 3 " with the cell parameters and atomic positions of Gd 4 Co 2 Mg 3 . This was done using the all electrons ASW method described above in order to get an insight into the valence band behavior and the chemical bonding characteristics.
The site projected density of states (DOS) is given in Fig. 4 in which we account for the site multiplicity of each constituent as shown in Table 3 . The energy reference along the x axis is with respect to the Fermi energy (E F ); this equally applies to the other plots in Figs. 5a and b. The valence band (VB) is dominated by more than half filled low lying Co(3d) states at ∼ −2 eV and the largely dispersed s,p-like states from other constituents, especially Mg s states. From the features of DOS running similarly along the VB and above E F , the covalence effects are clear, albeit with a low intensity n(E F ). The mixing between itinerant low intensity partial DOS can be inferred from their similar shapes; they are expected to play a role in the chemical bonding. This is especially true for the Y1 and Y2 partial DOS in the energy range −2 to −1 eV which have a skyline similar to the Co d states so one expects significant mixing between the rare earth (sim- ulated by Y here) and Co atoms. This is detailed in Figs. 5a and b showing the interactions between different and similar species, respectively. For sake of clarity and in order to establish comparisons the sites Mg1 and Mg2 are regrouped into "Mg" and Y1 and Y2 into "Y". From Fig. 5a , the largest interaction occurs for Co-Y, followed by Co-Mg. For both interactions, the states are bonding nearly all over the VB; they start to be antibonding just below E F . One can thus propose that this structure type is mainly stabilized through these two interactions. Their antibonding counterparts are found above the Fermi level. The Mg-Y interactions are weak. They are bonding throughout the VB and even at and above E F . This is due to the filling of the orbitals available for the interaction which, in the case of Mg and Y, can receive mainly bonding electrons. An interesting structural feature are the Co 2 pairs with a short Co-Co distance of 232 pm. Fig. 5b indeed shows that the Co-Co interaction is the strongest (with a negative ECOV at around −2 eV). However, due to the extensive filling of Co(d) states, the antibonding counterpart immediately follows so that the Co-Co interaction cannot be the determining fact for the stability of the structure, i. e. the bonding part is compensated by the antibonding part, as is also illustrated by the green ELF contours between cobalt spheres (Fig. 3) . A similar bonding situation was observed for the Ni 2 pair in Sc 2 Ni 2 In [26] (with a tendency for a closed-shell interaction).
On the contrary, the Mg-Mg and Y-Y interactions are weak. Although they are bonding all over the VB, they need to be considered as negligible. The short Mg-Mg distances are most likely a geometrical constraint of the distortion of the REMg and RECo 2 slabs.
Conclusions
The intermetallic compounds RE 4 Co 2 Mg 3 (RE = Pr, Gd, Tb, Dy) crystallize with a 3 : 1 intergrowth variant of CsCl and AlB 2 related slabs. The structures are stabilized through strong RE-Co and Mg-Co interactions. In contrast to the related RE 2 T 2 Mg series, the RE 4 Co 2 Mg 3 compounds have two crystallographically independent RE sites which may lead to interesting magnetic properties. Their determination is currently in progress.
